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would	  help	  to	  complete	  the	  ethogram,	  but	  the	  method	  still	  presents	  a	  novel	  procedure	  for	  analysis	  of	  accelerometer	  data	  (Sakamoto	  et	  al.,	  2009).	  The	  mask	  analysis	  tools	  allow	  a	  method	  for	  behavioural	  categorisation	  by	  providing	  the	  user	  with	  an	   interface	   to	   the	   IGOR	  Filter	  Design	  Laboratory	  (IFDL;	  WaveMetrics,	  Lake	  Oswego,	   OR)	   and	   mask	   calculation	   tools.	   These	   tools	   allow	   the	   design	   of	   filters	   that	  extract	  specific	  elements	  of	  the	  acceleration	  record	  and	  allow	  the	  creation	  of	  masks	  that	  categorise	   the	   record	   by	   logical	   ‘on/off’	   values.	   Okuyama	   et	   al.	   (2009)	   utilised	  Ethographer	  to	   identify	  breathing	  and	  feeding	  behaviours	  from	  the	  acceleration	  signal	  recorded	   by	   a	   data-­‐logger	   attached	   to	   the	   lower	   beaks	   of	   loggerhead	   turtles	   (Caretta	  












hydrodynamics	  of	  shad	  (Pomotamus	  saltatrix)	   locomotion	  were	  investigated,	  revealing	  different	  patterns	  of	  symmetric	  and	  asymmetric	  acceleration	  corresponding	  to	  different	  swimming	   speeds.	  DuBois	  &	  Ogilvy	   (1978)	   later	  utilised	  accelerometers	   and	  pressure	  transducers	   to	   calculate	   the	   power	   and	   efficiency	   of	   the	   shad	   tail	   by	   comparing	   the	  forward	  and	   lateral	   force	  of	  water	  on	   the	   tail	   from	  the	  pressure	   transducers,	  with	   the	  forward	   and	   lateral	   force	   on	   the	   body	   calculated	   from	   acceleration.	   These	   studies	  provided	  exciting	  new	  methods	   to	  analyse	   the	  mechanics	  of	   swimming	   fish,	  but	  could	  not	   be	   tested	   on	   free-­‐swimming	   individuals	   due	   to	   the	   limitations	   of	   the	   cable	  connection.	  A	  brief	  interest	  in	  the	  use	  of	  accelerometers	  for	  the	  study	  of	  swimming	  kinematics	  soon	  followed.	   Freadman	   (1981)	   explored	   the	   use	   of	   accelerometers	   and	   metabolic	  measurements	   to	   determine	   the	   energetic	   costs	   of	   switching	   between	   active	   brachial	  and	  ram	  gill	  ventilation	  in	  bluefish	  and	  striped	  bass	  (Morone	  saxatilis)	  using	  estimations	  of	   swimming	   drag	   from	   body	   acceleration.	   He	   found	   no	   drag-­‐associated	   increase	   in	  acceleration	   when	   fish	   adopted	   ram	   ventilation.	   This	   was	   attributed	   to	   turbulence	  caused	   by	   active	   ventilation	   that	   is	   smoothed	   along	   the	   body	  when	   switching	   to	   ram	  ventilation,	   effectively	   reducing	   drag	   (Freadman,	   1981).	   Sharks	   also	   switch	   between	  buccal	  pumping	  and	  ram	  ventilation,	  though	  some	  pelagic	  species	  have	  lost	  the	  former	  ability	  and	  are	  obligate	  ram	  ventilators	  (Roberts,	  1975).	  STROKE	  RATE	  AND	  TAIL	  BEAT	  FREQUENCY	  (TBF)	  The	   deployment	   of	   accelerometers	   quickly	   proliferated	   throughout	   a	   range	   of	   large	  marine	   organisms	   following	   the	   miniaturisation	   of	   the	   data-­‐loggers,	   allowing	   for	   the	  development	  of	  many	  analytical	   techniques	  for	  exploring	  the	   locomotory	  patterns	  and	  energetics	  of	  marine	  species.	  In	  one	  such	  deployment,	  adult	  Adélie	  penguins	  (Pygoscelis	  




















































































ability	   of	   whole	   body	  movement,	   as	  measured	   by	   tri-­‐axial	   accelerometers,	   to	   predict	  energy	   expenditure	   was	   formally	   tested	   in	   captive	   great	   cormorants	   (Phalacrocorax	  








































































studies.	  One	  individual	  (No.	  5,	  Margarita)	  instrumented	  in	  this	  study	  displayed	  swelling	  and	   discolouration	   in	   the	   area	   of	   the	   tag	   placement,	   indicating	   a	   possible	   stress	  response	  to	  tagging.	  	  
Table	  1.	  Details	   of	   individuals	  used	   in	   experimental	   deployments.	  TL:	  Total	   Length	   at	   capture.	  A	   total	   of	   5	   sharks	  were	  
tagged	  with	  accelerometers	  for	  a	  collective	  duration	  of	  28	  hours.	  No.	   Nickname	   Sex	   TL	  (cm)	   	  	  	  Weight	  (g)	   	  	  	  Duration	  (h)	  1	   Scarface	   F	   85	   3380	   5.2	  2	   Pansy	   F	   97	   3000	   3.2	  3	   Lola	   F	   65	   1140	   7.7	  4	   Monica	   F	   	  	  	  100	   2400	   6.5	  5	   Margarita	   F	   	  	  	  	  	  	  73	   1600	   5.4	  	   	   	   	   Total	   	  	  	  	  	  	  	  	  	  	  28.0	  	  
	  
Figure	  1.	  HOBO	  Pendant	  G	  data-­‐logger.	  Note	  the	  orientation	  of	  the	  3	  perpendicular	  axes.	  Devices	  were	  orientated	  such	  that	  












A	   fin	   clamp	   attachment	   method	   similar	   to	   that	   used	   by	   Heithaus	   et	   al.	   (2001)	   was	  originally	   tested,	   however	   airline	   tubing	   within	   the	   swimming	   enclosure	   presented	  some	  difficulties	  as	  the	  tag	  would	  repeatedly	  get	  snagged	  or	  tangled.	  For	  this	  reason	  a	  strap	   attachment	  was	  used.	  Data-­‐loggers	   (Figure	  1)	  were	  mounted	   to	   an	   elastic	   strap	  that	  was	  wrapped	  around	   the	  shark’s	   trunk.	  The	  elastic	  material	  of	   the	  strap	  ensured	  the	   logger	   was	   held	   firmly	   against	   the	   body	   while	   providing	   enough	   flexibility	   to	  prevent	   the	   inhibition	   of	   movement.	   The	   data-­‐loggers	   were	   positioned	   ventrally,	  anterior	  to	  the	  pelvic	  fins,	  such	  that	  the	  Y-­‐axis	  of	  the	  device	  recorded	  lateral	  movement,	  or	  sway,	  the	  X-­‐axis	  surge,	  and	  the	  Z-­‐axis	  heave	  (Figure	  2).	  The	  attachment	  occasionally	  failed	  resulting	  in	  the	  strap	  slipping	  from	  the	  trunk	  of	  the	  body.	  Deployments	  where	  this	  occurred	  were	  discarded	  from	  the	  analysis.	  
	  
























acceleration	  (Figure	  3).	  It	  is	  suggested	  that	  the	  running	  mean	  selected	  for	  smoothing	  be	  greater	   than	  one	  stroke	  cycle	  of	   the	   focal	  animal	  (Shepard	  et	  al.,	  2008).	  Shepard	  et	  al.	  (2008)	  found	  that	  a	  running	  mean	  of	  3	  s	  provided	  a	  robust	  minimum	  for	  species	  with	  a	  stroke	  length	  <3	  s.	   	  Preliminary	  observations	  revealed	  a	  stroke	  cycle	  between	  one	  and	  two	  seconds	  for	  specimens	  of	  common	  smoothhound.	  
	  
Figure	  3.	  Example	  of	   the	  derivation	  of	  static	  and	  dynamic	  acceleration	  from	  the	  raw	  acceleration	  trace	  (red)	   in	  a	   typical	  
shark.	  The	  blue	  trace	  represents	  the	  static	  time	  series	  estimated	  by	  a	  3	  s	  running	  mean,	  and	  green	  the	  dynamic	  time	  series	  












acceleration	  of	  gravity	  (1	  G),	  and	   	  the	  attachment	  angle	  of	  the	  accelerometer	  (Sato	  et	  al.,	  2003).	  	  
	   (1)	  	  Body	  angles	  were	  converted	  to	  categories	  of	  “Incline,”	  “Neutral,”	  and	  “Decline”	  using	  the	  same	  definitions	  used	   for	  visual	  observation.	   	  These	  annotations	  were	   then	  compared	  against	   the	  observed	  swimming	  postures	  by	  calculating	   true	  and	   false	  detection	  rates.	  True	  detection	  rate	  was	   taken	  as	   the	  number	  of	  postural	   states	   identified	  by	  both	   the	  accelerometer	  method	   and	   the	   visual	   observation,	   divided	  by	   the	   number	   of	   postural	  states	  observed	  only	  by	  the	  visual	  method.	  False	  detection	  rate	  was	  taken	  as	  the	  number	  of	   postural	   states	   identified	   only	   in	   the	   accelerometer	   record,	   divided	   by	   the	   total	  number	  of	  postural	  states	  identified	  by	  the	  accelerometer	  method.	  
	  
Figure	   4.	   Illustration	   demonstrating	   the	   trigonometric	   derivation	   of	   body	   angle	   from	   the	   acceleration	   recorded	   in	   the	  












the	   data	   using	   an	   algorithm	   available	   in	   Ethographer.	   The	   continuous	   wavelet	  transformation	   was	   generated	   using	   a	   minimum	   cycle	   duration	   of	   0.4	   s,	   a	   maximum	  cycle	   duration	   of	   5	   s,	   and	   a	   mother	   wavelet	   parameter	   of	   16.	   These	   cycle	   values	  highlighted	  the	  area	  of	  possible	  stroke	  durations	  and	  produced	  a	  mother	  wavelet	  with	  a	  fair	   balance	   of	   resolution	   in	   time	   and	   periodicity.	   The	   software	   was	   programmed	   to	  oversample	  the	  data	  into	  10	  clusters	  in	  an	  attempt	  to	  increase	  the	  ability	  of	  the	  method	  to	  differentiate	  between	   transitional	  swimming	  patterns	   like	   the	  shift	   from	  swimming	  to	   gliding.	   Similar	   spectra	   were	   then	   regrouped	   into	   2-­‐4	   clusters	   to	   represent	   the	  different	   behavioural	   states	   (Figure	   5)	   as	   these	   elements	   may	   represent	   the	   same	  behavioural	   pattern,	   differing	   only	   in	   intensity	   or	   periodicity	   (Sakamoto	   et	   al.,	   2009).	  For	  each	  method,	  analysis	   time,	  and	  true	  and	   false	  detection	  rates	  were	  compared	   for	  behaviours	   when	   analysed	   with	   visual	   observations	   on	   a	   second-­‐by-­‐second	   basis.	  Detection	   rates	  were	   calculated	   for	   each	  behaviour	   class	   in	   a	  manner	   identical	   to	   the	  calculation	  for	  postures.	  
	  
Figure	   5.	   Example	   spectrum	   criteria	   generated	   by	   the	   k-­‐means	   clustering	   algorithm	   in	   Ethographer.	   (A)	   Shows	   criteria	  
generated	  when	  four	  clusters	  are	  chosen.	  (B)	  Shows	  criteria	  generated	  when	  10	  clusters	  are	  chosen.	  Note	  in	  (A)	  that	  the	  
low	   frequency	   trace	   (green)	   characteristic	   of	   gliding	   displays	   a	   high	   degree	   of	   similarity	   to	   the	   trace	   representative	   of	  
steady	  swimming	  (blue).	  In	  (B)	  the	  gliding	  spectrum	  (orange)	  is	  more	  distinct.	  In	  this	  case	  I	  combined	  the	  blue,	  green,	  and	  
yellow	  clusters	  representative	  of	  steady	  swimming,	  retaining	  red	  for	  burst	  swimming,	  orange	  for	  gliding,	  and	  purple	   for	  












methods	  shared	  many	  similar	  characteristics	  (Figure	  6),	  but	  a	  histogram	  of	  the	  methods	  revealed	   a	   departure	   from	   normality	   (Figure	   7),	   consequently	   a	   non-­‐parametric	   test	  was	  used	  to	  assess	  their	  differences.	  
	  
Figure	   6.	   Box	   and	   Whisker	   plot	   of	   the	   distribution	   of	   Tail	   Beat	   Frequencies	   calculated	   by	   measuring	   the	   dominant	  
frequency	   in	   a	   Power	   Spectral	   Density	   analysis	   of	   the	   accelerometer	   record	   across	   random	   5-­‐second	   windows	   of	  













Figure	   7.	   A	   Histogram	   of	   Tail	   Beat	   Frequencies	   grouped	   by	   observation	   method,	   showing	   departures	   from	   normality,	  













Figure	  8.	  Comparison	  of	  observed	  behavioural	  states	  for	  one	  deployment.	  The	  method	  of	  classification	  is	  identified	  on	  the	  
left	  axis.	  Each	  coloured	  bar	  represents	  one	  of	  four	  behavioural	  states.	  The	  accuracies	  of	  each	  experimental	  method	  (Accel,	  
Etho)	  were	  compared	  against	  the	  visual	  record	  of	  the	  deployment.	  The	   accelerometer	   record	   from	   each	   deployment	   was	   categorised	   into	   behavioural	  states	  by	  visually	  approximating	  frequency	  and	  amplitude	  from	  a	  line	  graph	  of	  the	  time	  series	  (Figure	  9).	  
	  
Figure	  9.	  Example	  accelerometer	  trace	  showing	  a	  subset	  of	  the	  dynamic	  acceleration	  in	  the	  sway	  axis	  for	  one	  deployment.	  
(A)	   shows	   a	   portion	   of	   the	   trace	   thought	   to	   be	   indicative	   of	   steady	   swimming,	   (B)	   Gliding,	   (C)	   Resting,	   and	   (D)	   Burst	  












small	  oscillations	  at	  or	  around	  0	  G	  (Figure	  9).	  This	  was	  taken	  to	  indicate	  slow	  movement	  without	   any	   pronounced	   tail	   propulsion,	   but	   the	   detection	   rate	  was	   only	   9.3%	   (false	  detection	  rate	  94.9%;	  Table	  2).	  Resting	  behaviour	  was	  defined	  as	  an	  absence	  of	  any	  tail	  beats	  combined	  with	  the	  absence	  of	  movement	  altogether.	  Periods	  in	  the	  accelerometer	  record	   when	   the	   sway	   axis	   recorded	   a	   constant	   0	   G	   were	   inferred	   to	   correspond	   to	  periods	   where	   the	   shark	   lay	   motionless	   on	   the	   tank	   floor	   (Figure	   9).	   This	   method	  achieved	  a	  63.3%	  detection	  rate,	  coupled	  with	  a	  55.2%	  false	  detection	  rate	  (Table	  2).	  
Table	   2.	   	   Mean	   (±	   S.D.)	   detection	   rates	   for	   different	   behaviours	   using	   the	   two	   analysis	   methods.	   True	   detection	   rates	  
calculated	  as	   the	  percentage	  of	   visually	  observed	  behavioural	   states	  also	  detected	  experimentally.	   False	  detection	   rates	  
calculated	  as	  the	  percentage	  of	  experimentally	  detected	  behavioural	  states	  that	  were	  not	  observed	  visually.	  	   Method	   Manual	   Ethographer	  
Behaviour	   	   True	  (%)	   False	  (%)	   True	  (%)	   False	  (%)	  Steady	   	   97.4	  ±	  1.8	   1.6	  ±	  1.4	   92.5	  ±	  6.4	   2.1	  ±	  2.1	  Burst	   	   19.4	  ±	  19.8	   85.6	  ±	  15.0	   33.7	  ±	  32.4	   87.4	  ±	  13.9	  Glide	   	   9.3	  ±	  9.3	   94.9	  ±	  6.4	   4.7	  ±	  6.4	   94.4	  ±	  20.7	  Rest	   	   63.3	  ±	  40.9	   55.2	  ±	  43.0	   36.0	  ±	  45.0	   58.7	  ±	  44.2	  	  Following	   the	   manual	   annotation,	   an	   autonomous	   approach	   was	   then	   investigated.	  Ethographer	   was	   used	   to	   approximate	   the	   dynamic	   acceleration	   with	   a	   continuous	  wavelet	  transformation.	  The	  resulting	  spectrogram	  (Figure	  10)	  was	  then	  analysed	  with	  a	  k-­‐means	  clustering	  analysis	  (Figure	  5)	  to	  identify	  the	  specific	  behavioural	  states.	  Using	  this	  approach,	  I	  could	  analyse	  an	  average	  of	  1616.9	  ±	  139.7	  data	  points.s¯ˉ¹	  (mean	  ±	  S.D.),	  compared	  with	  an	  average	  of	  11.7	  ±	  5.4	  data	  points.s¯ˉ¹	  when	  the	  accelerometer	  record	  was	  annotated	  visually.	  
	  
Figure	  10.	  Example	  spectrogram	  generated	  by	  a	  continuous	  wavelet	  transformation	  of	  the	  dynamic	  acceleration	  record	  in	  
the	  sway	  axis	  for	  one	  deployment.	  The	  left	  axis	  identifies	  the	  stroke	  cycle	  duration	  of	  the	  tail	  beats,	  and	  the	  coloured	  axis	  












Clusters	  identified	  with	  a	  peak	  amplitude	  corresponding	  to	  a	  cycle	  duration	  in	  the	  range	  of	   our	   observed	   mean	   tail	   beat	   frequency	   were	   taken	   to	   be	   indicative	   of	   steady	  swimming	   (Figure	   5).	   Using	   these	   criteria,	   a	   detection	   rate	   of	   92.5%	   and	   a	   false	  detection	  rate	  of	  2.1%	  were	  achieved	  (Table	  2).	  Clusters	  defined	  by	  their	  high	  frequency	  and	  high	  amplitude	  were	  interpreted	  as	  indicative	  of	  burst	  swimming	  states	  (Figure	  5).	  With	   this	   approach,	   burst	   swimming	  was	   identified	  with	   a	   33.7%	   detection	   rate	   and	  87.4%	  false	  detection	  rate	  (Table	  2);	  still	  poor,	  but	  better	  than	  manual	  coding.	  Gliding	  was	  inferred	  from	  clusters	  with	  a	  strong	  low	  frequency	  component	  (Figure	  5),	  but	  this	  only	  gave	  a	  detection	  rate	  of	  4.7%	  and	  a	  false	  detection	  rate	  of	  94.4%	  (Table	  2).	  Resting	  was	   characterised	   by	   the	   absence	   of	   discernible	   peaks	   in	   stroke	   cycle.	   Ethographer	  identified	  resting	  behaviour	  with	  a	  36.0%	  detection	  rate	  and	  58.7%	  false	  detection	  rate	  (Table	  2).	  	  In	  the	  three	  deployments	  where	  behavioural	  and	  postural	  observations	  were	  recorded	  













Figure	  11.	  Relationship	  between	  ODBA	  and	  TBF	   for	  all	   sharks.	  A	   linear	   regression	  was	   fit	   to	   the	  data	   (red).	   For	  display	  













Figure	  12.	  Estimates	  of	  Overall	  Dynamic	  Body	  Acceleration	   for	   sharks	  with	  and	  without	  accelerometers	  with	   two	   stress	  
levels	  among	  the	  control	  group.	  There	  are	  significant	  differences	  among	  all	  three	  groups	  (see	  text	  for	  details).	  ODBA	  was	   then	  estimated	   for	  untagged	  control	   sharks	  by	   inputting	   the	  observed	  TBF	  and	  TL	  into	  the	  model	  generated	  above.	  Mean	  ODBA	  estimated	  for	  sharks	  swimming	  in	  the	  unstressed	  control	  condition	  using	  the	  TBF	  model	  was	  0.167	  ±	  0.012	  (mean	  ±	  S.D.).	  Mean	  ODBA	  estimated	  similarly	  for	  sharks	  swimming	  in	  the	  stressed	  control	  condition	  without	  data-­‐loggers	  was	  0.179	  ±	  0.014.	  Lastly,	  ODBA	  calculated	  for	  sharks	  swimming	  with	  data-­‐loggers	  directly	  from	  the	  accelerometer	  was	  0.181	  ±	  0.107.	  A	  Kruskal-­‐Wallis	  rank	  sum	  test	  was	  performed	  on	  the	  ODBA	  values	   for	  each	  experiment	  type	  using	  the	  kruskal.test()	  function	  in	  R	  resulting	  in	  a	  X²	  value	  of	  45.239	  (df=2,	  p<0.001).	  The	  result	  of	  this	  test	  rejects	  the	  null	  hypothesis	  that	  ODBA	  is	  the	  same	  across	  all	  three	  groups.	  A	  












determined	  from	  video	  observations,	  and	  was	  similar	  in	  frequency	  to	  that	  reported	  for	  sharks	  of	   comparable	   size	   (Gleiss,	  Gruber,	  &	  Wilson,	  2009).	  This	  principle	   establishes	  the	   basis	   for	   the	   accelerometry	   technique	   as	   further	   analyses	   are	   based	   on	   the	  supposition	  that	  the	  accelerometer	  can	  accurately	  detect	  the	  frequency	  and	  amplitude	  of	  tail	  or	  fin	  movements	  (Shepard	  et	  al.,	  2008).	  Beyond	  this	  relationship,	  however,	  this	  study	   largely	   fails	   to	  demonstrate	   the	  utility	  of	  accelerometers	   for	   studies	  of	  Mustelus	  

























Figure	   13.	   The	   changing	   composition	   of	   behaviour	   as	   individuals	   underwent	   successive	   deployments.	   Mean	   ±	   S.D.%	   is	  
given	  for	  each	  deployment	  (n=5	  individuals).	  The	   approach	   used	   to	   infer	   body	   angle	   largely	   failed,	   despite	   the	   use	   of	   coarse	  thresholds	   to	   define	   posture.	   The	   inadequacies	   of	   this	  method	  may	  be	   due	   to	   several	  limitations	   of	   the	   methodology,	   the	   first	   of	   which	   is	   the	   coarse	   calibration	   of	   device	  angle.	   It	   is	   very	   difficult	   to	   align	   the	   logger	   parallel	   with	   the	   longitudinal	   axis	   of	   the	  animal,	  and	  as	  a	  result	  some	  offset	  will	  be	  necessary	  to	  derive	  the	  true	  body	  angle	  from	  the	   angle	   of	   the	   data-­‐logger.	   Previous	   studies	   have	   calibrated	   logger	   orientation	   by	  noting	  when	   fish	  were	  resting	  horizontally,	  but	   this	  may	  not	  be	  practical	   for	  obligate-­‐ram	  ventilators	  (Kawabe	  et	  al.,	  2004).	  Not	  all	  deployments	  in	  this	  experiment	  included	  bouts	   of	   resting	   on	   the	   surface	   of	   the	   substrate,	   so	   an	   overall	   calibration	   angle	   was	  calculated	   for	   those	   sharks	   that	   did,	   and	   used	   for	   all	   sharks,	   which	   may	   account	   for	  some	  of	  the	  discrepancy	  in	  our	  record.	  Kawatsu	  et	  al.	  (2010)	  present	  a	  novel	  method	  for	  




















































































The	   in	   situ	   measurement	   of	   energy	   expenditure	   has	   the	   potential	   to	   impact	   best	  practices	   in	   the	  same	  way	   that	   the	   identification	  of	   location	  specific	  behaviours	  might	  help	   improve	   conservation	   strategies.	   Catch-­‐and-­‐release	   has	   become	   a	   popular	  approach	  to	  sport	  fishing	  for	  the	  conservation-­‐minded	  angler.	  A	  number	  of	  studies	  have	  investigated	  the	  physiological	  effects	  of	  capture	  on	  the	  blood	  chemistry	  sharks	  (Skomal	  &	   Chase,	   2002;	   Marshall	   et	   al.,	   2012).	   The	   accelerometry	   technique	   provides	   a	   less	  invasive	  method	  for	  the	  quantification	  of	  the	  post-­‐capture	  stress	  response,	  allowing	  the	  quantification	  of	   locomotory	  patterns	  and	  energy	  expenditure	  after	  capture.	  The	  post-­‐capture	  response	  of	  the	  sharks	  used	  in	  this	  experiment	  are	  analysed	  as	  a	  demonstration	  of	  this	  approach.	  
Table	   3.	   Bayesian	   Information	   Criterion	   values	   for	   models	   of	   ODBA	   incorporating	   various	   fixed	   and	   random	   effects.	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